High field superconducting magnets using high temperature superconductors are being developed for high energy physics, nuclear magnetic resonance and energy storage applications. Although the conductor technology has progressed to the point where such large magnets can be readily envisioned, quench protection remains a key challenge. It is well-established that quench propagation in HTS magnets is very slow and this brings new challenges that must be addressed. In this paper, these challenges are discussed and potential solutions, driven by new technologies such as optical fiber based sensors and thermally conducting electrical insulators, are reviewed.
INTRODUCTION
High temperature superconductor (HTS) wire technology has matured sufficiently such that there is an increasing effort to use them to generate high magnetic fields for applications including high energy physics, energy storage and nuclear magnetic resonance [1] . Of the superconductors discovered since 1987, two conductor technologies have emerged with the potential to generate magnetic fields well above 25 T, the limit of low temperature superconductor (LTS) technologies. One of these options, Ag/Ag-alloy clad Bi 2 Sr 2 CaCu 2 O x (Bi2212), is the only HTS round wire (RW) with high critical current density (J c ) in magnetic fields above 20 T [2] [3] [4] [5] [6] . The manufacturing of Bi2212 RW has advanced sufficiently for the construction of insert coils that generate magnetic fields above 25 T [6] [7] [8] [9] . The primary limitation of Bi2212 RW is a lack of mechanical strength. The other options, (RE)Ba 2 Cu 3 O 7-z (REBCO) coated conductors, are comprised of a thin layer of REBCO superconductor deposited on a complex Ni-alloy substrate with one or more oxide buffer layers and subsequently encased in Cu. REBCO coated conductors have very high J c in the REBCO layer and very high mechanical strength in axial tension due to the Ni-alloy substrate, but are only available in a wide tape geometry. Although cabling options have been proposed, none clearly satisfies the requirements for cost-effective high field magnets [10, 11] .
To safely operate a large, high field superconducting magnet, regardless of conductor type, a thorough understanding of the quench behavior of the conductor and magnet is required. Although the quench behavior of LTS-based magnets is well understood, HTS magnets show distinctly different quantitative behavior [12, 13] . For example, the minimum quench energy (MQE) in HTS magnets is quite high but the corresponding normal zone propagation velocity (NZPV) is a few orders of magnitude slower than in LTS magnets [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Thus, while the basic physics of quench behavior is unchanged, from a practical perspective the quantitative differences in behavior dominate.
The aim of any quench protection system is to prevent permanent conductor degradation in the event of a fault condition that induces a quench. As illustrated in Fig. 1 , quench protection involves three key steps, all of which must be accomplished within a time-budget determined by the rate of growth of the disturbance and the resilience of the conductor. The three key steps are: (1) detection of a disturbance (historically accomplished with voltage measurements), (2) assessment of the disturbance to determine if it is going to induce a quench and to prevent false-positives, and (3) a protective action to prevent degradation if the magnet is quenching. For large magnets with a large stored energy, this is typically accomplished through heaters embedded in the magnet and a dump circuit into which the stored energy is dissipated. Thus, to develop an effective quench protection system, one must understand the stability and quench dynamics of the magnet in order to design a detection system, and one must also know the safe operational limits of the conductor. These two factors determine the time budget for protection. For LTS magnets, the safe operational limits are quantified in terms of a maximum hot-spot temperature; it is unclear if this is a sufficient criterion for HTS magnets. In considering the quench behavior of high field HTS magnets, it is important to recognize that such magnets are likely to be LTS/HTS hybrid systems, with LTS outsert coils that generate around 18 T and HTS insert coils that generate the highest magnetic fields [1] . Thus, other than during field ramp-up (in single power supply magnet systems), the HTS conductor will only be exposed to high magnetic fields and the behavior at low field is less important. Although most studies on HTS quench behavior have focused primarily on the behavior at selffield or relatively low magnetic field [24, 25] , one recent study focused on the effects of high magnetic fields on quench behavior in Bi2212 RW coils [26] . The primary question was whether high magnetic field would increase the NZPV due to reduced critical temperature (T c ) and thus reduced current sharing temperature (T cs ) and temperature margin, or instead whether the NZPV would decrease due to reduced J c . Fig. 2 plots the magnetic field dependence of the NZPV, I c , MQE, T c and T cs for two Bi2212 coils and strands. While the MQE decreases with increased magnetic field for magnetic fields up to 20 T (the maximum reported), the NZPV is magnetic-field independent for fields greater than about 10 T. Thus, increased magnetic field results in reduced stability margin but not in enhanced propagation. Figure 2 : Normalized magnetic field-dependent quench behaviors [26] .
DEGRADATION IN HTS CONDUCTORS
The key to quench protection is preventing degradation by limiting localized temperature growth relative to the ability to detect and protect within the time available before degradation occurs. To determine the time budget, one must understand both the quench dynamics and the operational limits of the conductor. The safe operational limits for Bi2212 and REBCO conductors, however, are likely to not only be quite different from the limits on LTS conductors, but also from each other. Bi2212 RWs have defect-dominated microstructures with a significant quantity of interfilamentary bridges, porosity, nonsuperconducting phases, and Bi 2 Sr 2 CuO z intergrowths within the Bi2212 grains. Thus, electrical transport in Bi2212 RWs is not well understood, and identifying microscopic causes of reduced electrical performance is particularly challenging [3, 4] . Unlike Bi2212, REBCO coated conductors have highly engineered microstructures with very few unintended defects. Often nonsuperconducting, nanoscale defects are intentionally grown within the REBCO phase for enhanced flux pinning, but nonetheless the REBCO remains highly dense and relatively homogeneous [27] [28] [29] [30] .
Bi2212 RWs
While the mechanisms of Bi2212 degradation are not understood, two studies have investigated the safe operational limits of Bi2212 mulitiflamentary tapes and RWs [24, 31] . These studies have induced quenches in short strands and small test coils and allowed the quench to proceed systematically until the conductor degrades. The temperature-time data was interpreted in terms of the maximum temperature (T max ), the maximum temperature gradient (dT/dx| max ) and the maximum rate of temperature increase (dT/dt| max ); information about the conductors is seen in Table 1 and results are seen in Table 2 . The results indicate that thermal shock (dT/dt| max ) is not the underlying driver for degradation. Furthermore, it is difficult to differentiate between the effects of T max and dT/dt| max , and it is likely that both play a role in Bi2212 degradation. 
REBCO Coated Conductors
The onset of degradation in a straight REBCO coated conductor was studied using a similar procedure as the Bi2212 study [20] . In this case, it was found that, when T max reached 490 K (±50 K), the conductor I c was degraded by ~5%. This corresponded to a strain of about 0.31%, which was ~60% of the irreversible strain reported for this conductor. In this experiment, dT/dt| max ~ 1800 K/s; values for dT/dx| max were as high as 27 K/mm, but the limited spatial resolution of the thermocouples implies that this value is probably lower than the actual temperature gradient in the conductor.
The microstructure of a degraded YBCO coated conductor was also studied via an etching technique that exposed the YBCO surface, facilitating microscopy of the surface [32] . In this study, the quenched sample experienced a 6.3% reduction in I c . To expose the YBCO surface, the Cu stabilizer was first removed by a Cu etchant that contained S. Reactions between S and YBCO, seen after removal of the Ag cap layer, proved to be a signature of Ag/YBCO delamination (i.e., if the Ag/YBCO interface had not been breached during quenching, then the S would not have had access to the YBCO layer during etching of the Cu). This study showed clearly that pre-existing defects in the YBCO are the initiation points of subsequent degradation; two different defect structures were identified. At the edge of the conductor, where slitting occurs during conductor manufacturing, defects in the form of either the absence of Ag or delaminated Ag result in very high local electric field during a quench. This large, local electric field induces dendritic flux avalanches and a very high local temperature rise. The high temperature then causes further Ag delamination and a self-propagating effect which results in dendritic Ag delamination. The dendritic delamination in turn results in very narrow channels which facilitate Cu etchant penetration and a chemical reaction between S and YBCO. As a result, the microstructure shows a dendritic reaction pattern; EDS confirms that the dendrites have a high S content. This is seen in Fig. 3 and Fig. 4 .
The other type of defect, labelled Q3 in Fig. 3 , is observed within the YBCO layer but away from the conductor edge. This defect results in a reaction zone that shows significant S content. In this case, the Ag is both delaminated from the YBCO layer and breached such that Cu etchant penetrated and reacted with the underlying YBCO. As seen in Fig. 3 and Fig. 5 , the degradation zone is nearly a perfect circle, indicative of current streamlines with a sharp boundary. An EDS map (Fig. 5) shows similar reactions as in the edge degradation, but also showed pure Ag particles (Fig. 6) , which indicates that the local temperature was sufficient to create a Ag vapor that, upon cooling, results in such fine Ag precipitates. 
Degradation Discussion
Degradation in Bi2212 and REBCO conductors is quite different and generalized conclusions cannot be made. In fact, as both of these conductors are still under development, it is difficult to make quantitative conclusions that will be applicable to future conductors with improved properties. Nonetheless, some meaningful conclusions can be drawn. For Bi2212, the safe operational limits have large windows of uncertainty, which may be related to the inhomogeneous microstructure as well as differences in the way the wire was supported during the experiments. Bi2212 is mechanically relatively weak and thus improvements to operational limits may require significant improvements in the Bi2212 filament microstructure as well as the overall mechanical behavior of the conductor (e.g., a strengthened sheath [33] ). For REBCO, there are also differences between different conductor types. Since the degradation is clearly initiated at manufacturing defects in the conductor, however, as the manufacturing processes improve it is likely that the conductor will become more quench resilient. One concern, however, is that that the susceptibility to degradation is related to the very high J c in the REBCO layer. Because these conductors have a low fill-factor, high J c in the REBCO layer is essential to their success. 
QUENCH DETECTION CHALLENGE
From the perspective of quench protection, the challenge of slow NZPV is quench detection; if the normal zone does not propagate quickly then neither does a detectable signal which may result in degradation before a protection system can take action. In principle, slow NZPV may also expand the time-budget, in which case the delayed detection would not be problematic as the two effects could cancel; i.e., relative to LTS magnets, everything would be similar but in "slow motion". The challenge arises, however, because traditional quench detection is based upon voltage measurements. Voltage, however, is simply the line integral of the electric field between the two voltage taps. The electric field profile is directly correlated with the temperature profile, so a normal zone with a short, highly peaked temperature profile produces the same voltage as a long normal zone with a relatively low peak temperature. The highly peaked temperature profile, however, which is what results from a slow NZPV, is more likely to induce degradation. Thus, either significantly enhanced quench propagation is required, or quench detection requires higher spatial resolution.
Rayleigh scattering
One approach that has been proposed for distributed quench detection is Rayleigh scattering interrogation of an optical fiber that is co-wound with the conductor in the magnet [34] . While a variety of fiber-optic based sensing approaches have been studied for superconducting magnets [35] [36] [37] [38] [39] [40] [41] [42] , Rayleigh backscattering is the most versatile approach for sensing in HTS magnets because it relies on random fluctuations in the index profile along the optical fiber. Light sent down the fiber encounters these fluctuations, causing Rayleigh scattering. Thus, Rayleigh scattering uses naturally occurring defects present in even the best quality fibers as scattering points. For a given fiber, the scatter amplitude as a function of distance is a random but static property of that fiber and can be modeled as a long, weak Bragg grating with a random period. Thermally induced changes in the local period of the Rayleigh scatter pattern cause changes in the locally reflected spectrum and this spectral shift can be calibrated to form a distributed temperature sensor.
Recent work has confirmed that Rayleigh scattering, with the potential for spatial resolution well below 1 mm, allow fibers to be used as truly distributed sensors in HTS magnets [34] . The high spatial resolution, however, leads to a large amount of data to be analyzed in order to determine the spectral shift from a reference scan, which can lead to insufficient temporal resolution. Additionally, the length of fiber being monitored also increases the data volume, and thus the processing time can consume a large amount of the time quench protection time budget. Thus, an effective quench sensor based on Rayleigh scattering has an essential need for a balance between spatial resolution, temporal resolution, data analysis speed and monitoring length. To balance these needs, it is thus critical to understand the trade-off in spatial and temporal resolution that is required to protect HTS magnets.
Modelling REBCO quench behaviour
To better understand all aspects of the dynamic quench behavior of REBCO conductors and magnets, an experimentally validated, multi-scale, twodimensional/three-dimensional (2D/3D) model has been developed using the COMSOL platform. This model is able to accurately predict NZPV and MQE of conductors and magnets while also calculating the temperature, voltage and mechanical state of the various layers of materials that comprise the conductor [43] [44] [45] [46] . Previously this model has been used to identify conductor variables that can influence quench behaviour [45] . Most recently, it has been used to identify the required spatial and temporal resolutions of a quench detection system for a YBCO coil that had been previously characterized experimentally [46] ; this is illustrated in Fig. 7 . This plot superimposes the requirements of the magnet for effective quench detection, based upon a minimum propagating zone criterion, with the capabilities of a distributed sensing system (in this example, a Rayleigh scattering system based upon optical backscatter reflectometry is used). Through this approach, the applicability of a sensor technology to a particular magnet can be assessed. Or, alternatively, the protectability of a magnet using a particular quench detection technology can be determined and the magnet redesigned as needed. This approach allows the quench detection system to be a consideration during the design of a magnet system rather than a response to the design. Figure 7 : Graphical illustration of the required spatial and temporal resolutions for safe quench detection in a YBCO magnet. Superimposed upon the magnet requirements are the hypothetical capabilities of a Rayleigh-scattering based distributed sensor. The overlap then shows the safe operating range for the magnet with such a detection system. If there is no overlap, then the detection technology would not be applicable to the magnet [34] .
THERMALLY-CONDUCTING ELECTRICAL INSULATORS
Traditionally, quench propagation is much faster along the length of the conductor (longitudinal propagation) than from turn-to-turn (transverse propagation) because of the presence of turn-to-turn electrical insulation. An alternative approach to quench protection is to change this paradigm such that transverse propagation contributes significantly to the spreading of the normal zone, increasing the utilization of the available specific heat of the coil and reducing the rate at which the peak temperature increases. Although longitudinal normal zone propagation may be slower, the time budget for detection would be significantly increased.
The effect of thermally-conducting electrical insulator was demonstrated using the 2D/3D model of quench propagation. Fig. 8 shows the temperature versus time and location in YBCO coils insulated with (a) kapton and (b) a thermally conducting electrical insulator. The coil with the thermally conducting electrical insulator has a sixfold increase in MQE, a 50% reduction in peak temperature with a corresponding doubling of the end-toend coil voltage. Thus, the magnet is more stable due to the accessibility of the specific heat of the entire coil, and a quench is more readily detected due to the higher voltage, while more resilient due to the reduced peak temperature.
While the results shown in Fig. 8 are the result of a computer model, this concept has been recently translated to practice for both Bi2212 and YBCO coils. Using a doped-titania insulation, the NZPV of both Bi2212 and YBCO coils has been increased by 275% [47] . This is illustrated in Fig. 9 , which compares the voltage versus time of coils insulated with the doped titania insulation (left) and with traditional insulation (kapton for YBCO, braided mullite for Bi2212). Noting that the horizontal distance between the data represent the time delay for propagation, the effect of the insulation is clear. As this insulation system is improved further, magnets can evolve from linear, one-dimensional normal zones to (ultimately) spherical normal zones that maximize the coils ability to resist degradation. 
SUMMARY
The development of high field superconducting magnets using high temperature superconductors has progressed significantly due to advances in Bi2212 and YBCO conductor technologies. Quench propagation in HTS magnets, even at high magnetic fields, is very slowas much as two orders of magnitude slower than LTS magnets -and thus quench protection remains a key hurdle before such magnets can be safely implemented.
In this paper a number of approaches to improving quench protection in HTS magnets have been summarized. One option is to improve the resilience of the conductors, thereby increasing the time-budget for detection and protection. This is likely to occur through the continuous evolution of Bi2212 conductors, but for REBCO coated conductors, which have very high J c in the superconducting layer, focusing specifically on the ability of a conductor to withstand a quench may be key.
Another approach is to implement a distributed quench detection sensor, such as an optical fiber monitored using Rayleigh scattering. Such a system has the potential for spatial resolution approaching the wavelength of the interrogating light, but at the expense of rapidly increasing data analysis times and thus a loss of temporal resolution. Understanding the required spatial and temporal resolutions for quench detection thus becomes essential.
Another option is transform quench propagation from being primarily a one-dimensional behavior to being a three-dimensional behavior. This may be achieved through the development of thermally-conducting electrical insulation that greatly reduces the peak temperature of the magnet relative to the coil voltage.
Quench behavior in HTS coils is a complex phenomenon that requires a dynamic understanding of both the conductor at the ~ µm scale and the magnet at the macroscopic scale. To facilitate this, a multi-scale model has been developed in COMSOL that allows complex analysis of REBCO magnets. This model can be effectively implemented to engineer the conductor, the magnet, and to understand the complex quench behavior. Figure 9 : Illustration of the effect of the recently-developed thermally-conducing electrical insulator on quench propagation in YBCO and Bi2212 coils [47] .
